A B S T R A C T The gastrointestinal stimulus to the release of insulin has been investigated in man by the use of a radioimmunoassay for secretin. Serum secretin levels rose rapidly after the oral ingestion of glucose or protein and preceded the elevation of serum insulin. An intravenous infusion of highly purified secretin caused a release of insulin when the serum secretin levels were within the physiological range.
INTRODUCTION
A duodenal factor with the ability to alleviate diabetes mellitus was postulated in 1906 (1) , but the importance Dr. Chisholm's present address is Frazer Laboratory, Department of Endocrinology, Royal Victoria Hospital, Montreal, Canada. Received for publication 27 January 1969 and in revised form 8 April 1969. of gastrointestinal hormones in the release of insulin has only recently gained acceptance. Dupre (2) demonstrated increased utilization of intravenous glucose when preceded by an oral glucose load or accompanied by intravenous secretin; alimentary administration of glucose produced a greater and earlier release of insulin than did glucose given intravenously (3) (4) (5) (6) ; and a similar augmentation of insulin release was seen when intraduodenal administration of an amino acid was compared with an intravenous infusion producing comparable blood amino nitrogen levels (7) .
Preparations of the individual gastrointestinal hormones have been assessed for an insulin-releasing action. Secretin, administered intravenously in pure or crude form, has induced insulin release in dogs and humans (2, (8) (9) (10) (11) (12) , and studies with in vitro preparations have also confirmed the ability of secretin to release insulin from the pancreas (13, 14) . Other gastrointestinal hormones including gastrin, pancreozymin-cholecystokinin, and glucagon when given parenterally have resulted in the elevation of serum insulin levels (15, 16, 10, 11) and, in addition, evidence has been presented for a vagal influence on insulin release (17, 18) .
There is thus evidence that oral glucose or amino acids provoke a greater release of insulin than similar materials given intravenously, and that the hormones of the upper gastrointestinal tract may act as insulin releasers. The problem is to establish the precise role of each of these hormones in the release of insulin under physiological conditions.
In order to study the role played by secretin in the release of insulin, a radioimmunoassay system (19) was set up for the measurement of secretin in human serum. Initial studies were reported of the response of secretin and insulin to oral glucose or intravenous pentagastrin (20) . Further studies have now been carried out on the response to these stimuli and also to oral protein, intravenous secretin, intramuscular betazole, and intraduodenal hydrochloric acid. 
METHOD
Laboratory methods. Serum secretin levels were measured by a radioimmunoassay method described previously (19) . The antiserum to secretin was prepared in rabbits injected with porcine secretin' conjugated to rabbit albumin by the method of Goodfriend, Levine, and Fasman (21) . Labeling of synthetic secretin with 'II to a specific activity of 75-100 mc/mg was accomplished by the method of Greenwood, Hunter and Glover (22) . The method was modified by raising the pH of the initial solution of synthetic secretin to 8.7 by the addition of sodium hydroxide. Attempts at labeling without this modification were unsuccessful. Difficulty in labeling would be anticipated due to the lack of a tyrosine residue in secretin; however, evidence (23) has been advanced that amino acid residues other than tyrosine can be labeled with radioactive iodine, and the labeling of histidine, which is present in secretin, has been proposed.
Purification of secretin-"'I was achieved by elution from a G-10 Sephadex column.
The assay system used Amberlite CG-400, type-2 hydroxide cycle anion-exchange resin to separate "free" from antibody-bound secretin-"'I (24) . The radioactivity of the resin after washing represented the "free" secretin-'lI and was expressed as a percentage of the added tracer (per cent of resin uptake = %o RU). Fig. 1 demonstrates the % RU after addition to the system of increasing concentrations (plotted logarithmically) of porcine secretin (Sigma Chemical Co.), highly purified secretin,2 and of serially diluted postprandial human serum. The dose-response curves are seen to be parallel indicating identical immunological properties. The % RU was not altered by the addition to the system of bovine insulin,8 50-1000 tU, human growth hormone,' 0.5-50 mug, bovine-porcine pancreatic glucagon,5 10-100 mug, purified pancreozymin-cholecystokinin (CCK),' 8.3-83 m~ug, or synthetic human gastrin I,6 0.5-100 mug.
Porcine secretin (Sigma Chemical Co.) of biological potency 40 U/mg dissolved in 0.5 ml of 3.75%, gelatine was used as the antigen standard, and the results are therefore expressed in millimicrograms of this preparation. The gelatine solution was used to simulate the protein content of serum (25, 26) in preference to the use of fasting serum which might contain sufficient endogenous secretin to influence the results at the lower range of sensitivity. Parallel dose-response curves (Fig. 1) were obtained with exogenous secretin in gelatine and serially diluted serum. Also the measurement of secretin levels in 0.5 ml of human serum to which 5-10 m/Ag of porcine secretin (Sigma Chemical Co.) had been added was within 15% of the expected recovery.
The recorded levels of endogenous secretin, although quantitative and satisfactory for comparative studies, are greater than the hormone values which would be reported if the highly purified or synthetic secretin was used as the standard. At the time of these studies, however, the latter preparations were not available in sufficient quantities for use as standards. A comparison between the highly purified secretin of Jorpes (approximately 4000 clinical U/mg) and the Sigma standard ( Fig. 1 ) may be inaccurate due to probable inequality of the biological units (27) but indicates that the immunological potency of the Jorpes purified preparation is about 100 times greater for an equivalent number of biological units in addition to its greater biological potency per unit weight. This fact suggests that the use of the Jorpes purified or synthetic standard might reduce the recorded levels by 10-', giving serum levels in the low picogram range.
A significant difference (P < 0.05) in %o RU was observed between duplicates of the zero standard and duplicates containing 0.2 m/Lg of secretin standard. The assay was therefore sensitive to 0.4 m/Ag/ml when 0.5-ml serum samples were used. Values below this level (which were recorded in most normal fasting subjects) are indicated as zero.
Within-assay precision was tested by 17 estimations, each in duplicate, of two pooled serum samples. Standard deviations of ±0.06 and ±1.1 were recorded for mean secretin levels of 8.6 and 26.0 m/Ag/ml respectively.
Between-assay reproducibility was tested during seven different assays by the reassay of 64 different serum samples, the interval between assays ranging from 10 to 24 wk. Reassay, after storage at -10°C, of 46 samples with a mean level of 7.1 m/Ag/ml (range 0.5-31.0) showed a standard deviation of 1.88 mug/ml estimated by the formula SD = (22 ) Serum insulin levels were measured by radioimmunoassay by the method of Young and Kraegen (25) , but serum immunoreactive glucagon levels are not included in this paper, as interpretation of results would not be valid without data of cross-reactivity with gut glucagon.
Blood sugar was measured by the AutoAnalyzer modification of the Hoffman ferricyanide technique (30) .
Experimental procedure. Studies were performed on healthy male students, physicians, or paramedical staff, aged 19-43, on six subj ects with pernicious anemia, and on one with duodenal ulcer. All subjects were fully informed of the nature of the studies. The normal subj ects had no close relative with diabetes mellitus and were not more than 15% above their ideal body weight; they fasted from midnight and the studies were commenced between 8:00 and 9:30 a.m. Intravenous, intraduodenal, and intragastric infusions were administered by a peristaltic constant infusion pump.7 Blood samples were collected from a polythene catheter inserted into an antecubital vein at least 30 min before the commencement of the study and the serum, after separation, was stored at -10°C until assayed.
Intravenous secretin. A highly purified preparation of secretin8 was administered intravenously to two normal subjects as a loading dose of 5 U, immediately followed by a constant infusion of I U/min over 25 min (total dose 30 U).
7Harvard Apparatus Co., Inc., Dover, Mass., model No. 600-000.
8 Obtained from GIH Research Unit, Chemistry Department, Karolinska Institute, Stockholm. Potency approximately 4000-5000 clinical U/mg.
Intraduodenal hydrochloric acid. Hydrochloric acid, a known secretin stimulant, was infused over 30 min into the duodenum of seven normal subjects and into the stomach of one additional subject. 5-20 mEq of acid in 50-100 ml of distilled water were given via a No. 12 FG Ryles tube positioned under fluoroscopy so that the metal tip of the tube was lying in the third part or distal second part of the duodenum, thereby ensuring that all of the outlet pores lay distal to the pylorus. One subject was given, on separate occasion, 100 ml of isotonic saline (buffered to pH 7) under identical conditions to assess the possible "mechanical" effects of such an infusion.
Oral glucose. Six normal subjects were given 50 g of oral glucose after three days on a liberal carbohydrate diet.
Oral protein. Two normal subjects were given a protein meal in the form of 120 g of cooked lean steak (containing approximately 32 g dry weight of protein). The steak was presented as small cubes and was eaten, with relish, in less than 3 min.
Intravenous pentagastrin. The effect of gastrin on release of secretin and insulin was studied using pentagastrin,9 a pentapeptide containing the active terminal tetrapeptide of gastrin. A continuous intravenous infusion of 0.01 gg of pentagastrin/kg per min (a submaximal dose) over 15 min was given to four normal subjects. In order to establish whether the response was caused directly by the pentagastrin or indirectly by the subsequent release of gastric acid an identical infusion of pentagastrin was administered where conditions were modified to prevent an acid stimulus in the duodenum: (a) by continuous gastric aspiration during and for 15 min after infusion; (b) by intragastric administration of 14 mEq of 0.44 M sodium bicarbonate during the 1st 10 min of the infusion preceded by aspiration of the resting gastric contents. (A control study of intragastric sodium bicarbonate produced no secretin or insulin response.); (c) pentagastrin infusion in two subjects with pernicious anemia and achlorhydria.
Intramuscular betazole. Evidence that the action of gastrin may be mediated by histamine (31, 32) prompted us to examine the response of secretin and insulin to a histamine equivalent, betazole hydrochloride injection, USP I "Peptavlon," ICI 50, 123. Obtained from ICI, Australia and New Zealand (ANZ), Australia. 
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, lL= f>10 io SO 4t *t 5MU 9S MINIUTES FIGURE 2 Mean levels ± SD of blood sugar, serum secretin, and serum insulin in eight normal subjects during and after the intraduodenal infusion of hydrochoric acid for 30 min.
(.3-beta-aminoethylpyrazole dihydrochloride), 1.5 mg/kg, by intramuscular injection. One normal subject, one with a duodenal ulcer, and four with achlorhydria (and pernicious anemia) were studied.
Other parenteral studies. 1 mg of glucagon' was given to two normal subjects and 1 g of tolbutamide '0 to one normal subject as single intravenous injections.
RESULTS
Response to intravenous secretin. The serum secretin levels reached maximum values of 27 and 35 m/g/ml during the infusion of purified secretin. These serum levels are in the upper range of those recorded in the serum after physiological stimuli (Fig. 3, Table II ), a finding indicating that the infusion approximated physiological blood levels. After cessation of the infusion there was a rapid decline in the serum secretin levels, which fell by approximately 75% in 10 min.
In both subjects there was a significant (P < 0.01) rise in serum insulin, in one case to 69 ,uU/ml and in the other to 13 ttU/ml above the basal level.
Blood sugar, serum secretin, and serum insulin levels are recorded in Table I Mean secretin levels showed an elevation of 9.5 m/Ag/ml above the mean basal value of 0.45 mug/ml, and the maximum level was recorded 15 min after commencing the infusion. Serum insulin levels showed an elevation of 24 uU/ml above the basal value (a significant rise, P < 0.01). The maximum level of serum insulin was recorded 20 min after commencement and closely followed the secretin peak. Blood sugar levels showed no significant alteration. The infusion of isotonic saline produced no elevation of serum secretin or insulin.
Response to oral glucose. In the six subjects who received 50 g of glucose a rapid elevation of serum secretin was observed reaching a maximum of 12.2 ±5.7 mptg/ml 5 min after ingestion (Fig. 3) , thus preceding the serum insulin response. The magnitude of the secretin response in the individuals, however, did not relate directly to that of insulin.
Response to oral protein. Two normal subjects showed an early release of secretin after a protein meal (120 g of steak), and serum levels of 11 and 20 m/Ag/ml were recorded before a significant elevation in serum insulin levels (Table II) Oral protein used, 120 g of steak; blood sugar, mg/100 ml; serum secretin millimicrograms per milliliter; serum insulin, microunits per milliliter.
subjects was of greater magnitude and duration than that seen after oral glucose and was associated with a marked insulin response (maximum elevation 85 and 32 MU/ml).
Response to intravenous pentagastrin. The infusion of pentagastrin in four normal subjects caused a rapid elevation of serum secretin which reached a maximum level of 13 ±4.6 mug/ml 10 min after the infusion was begun (Fig. 4) . After the release of secretin, the mean serum insulin level rose by 31 1uU/ml above the basal level, a significant elevation (P < 0.01). Blood sugar levels showed a slight, but not significant, fall in the 1st 10 min.
In the three normal subjects in whom gastric juice was aspirated or neutralized a similar secretin and insulin response was maintained (Table III) . This was also true of one achlordydric subject (E.S.), but the other showed only a small secretin response. The serum insulin responses in the subjects with pernicious anemia did not follow the pattern of the normal subjects; in one case (M.F.) there was a prolonged response associated with high fasting blood sugar levels and a high basal level of serum insulin; in the other (E.S.) the serum insulin response was slight.
Response to intramuscular betazole. Two subjects, one normal and one with a duodenal ulcer, showed a marked elevation of serum secretin and insulin levels after an intramuscular injection of betazole (Table IV) .
Four further subjects with pernicious anemia were studied with the same dose of betazole and concurrent gastric aspiration.,All subjects showed a rise in serum secretin, though the mean maximum level, 3.2 ±2.1 m,ug/ml, was much lower than in the two acid-secreting subjects (maximum levels 17 and 18 mnug/ml). The insulin response of these four subjects was attributable to one subject; the other three had a mean increment of less than 5 ,U/ml during the procedure.
Other parenteral studies. No elevation of serum secretin was seen in two normal subjects given 1 mg of glucagon intravenously or in one normal subject given 1 g of tolbutamide intravenously. It has been argued, however, that this is a pharmacological effect not seen after the physiological release of secretin (14) .We have now shown that an infusion of a small amount of purified secretin does cause an increase in serum insulin concentrations when serum secretin levels, determined by radioimmunoassay, correspond to In these oral studies the release of secretin occurred so early that a humoral stimulus to secretin release was suspected. As the release of the hormone gastrin would be expected to precede that of secretin, the effect of gastrin on secretin release was investigated using intravenous pentagastrin. A rapid release of secretin occurred followed by insulin. The same sequence of events occurred even when gastric aspiration or neutralization prevented an acid stimulus in the duodenum. A secretin response to pentagastrin in an achlorhydric patient provided further confirmation of direct secretin release. It thus appears likely that gastrin by a direct humoral acserum secretin, millimicrograms per milliliter; serum tion is an initial stimulus to secretin release, and that this stimulus is subsequently reinforced by the arrival of gastric contents in the duodenum.
As histamine is believed by some workers to mediate the action of gastrin (31, 32) , a histamine analogue, betazole, was examined for its effect on secretin. Betazole released secretin in one normal subject, one with a duodenal ulcer, and in four patients with achlorhydria. The lower serum secretin levels observed in the latter four subjects suggests that, although histamine has some direct influence on secretin release, its major effect is via gastric acid production.
It can now be seen that after a number of stimuli in normal subjects the release of secretin is closely followed by an insulin response. This, in itself, is not proof that secretin is a principal factor in the insulin release, but the observed insulin respone after intravenous infusion of purified secretin supports this concept. Further, the only insulinogenic factor apparently common to each study is the serum secretin response, and only after oral glucose or protein is there another evident stimulus to insulin release. The possibility remains, however, that other gastrointestinal hormones, such as pancreozymin or "gut glucagon," whose serum levels have not been determined in these situations, could contribute to the ,8-cell stimulation. The failure of intraduodenal acid to produce an insulin response in subjects-with pernicious anemia has been used to refute the insulin-releasing role of secretin (33) . Our few studies of the response of patients with pernicious anemia to pentagastrin and betazole suggest that insulin release could be deficient in these subjects. Such a defect would not be surprising in view of the association of pernicious anemia with diabetes mellitus (34) . The normality of secretin release might also be questioned in view of the proximity of the underlying pathology.
The absence of a fall in blood sugar after significant, though moderate, elevations in serum insulin (Figs. 2,  4 ; Tables I, III, IV) is difficult to understand. Several explanations could be offered; that compensatory factors prevent hypoglycemia; that the rise in serum insulin does not represent biologically active insulin but an immunoreactive precursor, "proinsulin" (35) ; or that these small amounts of endogenous insulin do not markedly affect fasting blood sugar levels although they might assist glucose utilization in the presence of hyperglycemia. Our present studies do not answer this problem, but the latter concept would be consistent with evidence summarized by Steele (36) glycemia and insulin favor net hepatic glucose uptake. If such be the case a specific function for the gastrointestinal stimulus to early insulin release after oral glucose would be apparent, enabling insulin to coincide with the glucose pulse in the portal vein, so facilitating net hepatic glucose uptake.
In conclusion our studies suggest a chain of events, represented diagramatically in Fig. 5 , to include the accepted role of the vagus in gastrin release, which would facilitate the early release of insulin during the onset of metabolite absorption. It is unlikely, however, that the entire gastrointestinal contribution to insulin release is mediated by secretin, and further investigation is still required to elucidate the role of other gastrointestinal hormones. It would also be of interest to know if this system is affected in diabetes mellitus where a specific defect in the early phase of insulin release has been noted (6, 37) .
